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Abstract 
This dissertation was written as part of the MSc in Sustainable Agriculture and 
Business at the International Hellenic University.  
We investigated the effects of PGPR inoculants, Bacillus subtilis, 
Pseudomonas sp. and their consortia inoculation in the plant growth of lettuce 
(Lactuca sativa var. longifolia) plants and on the composition and functionality 
of the lettuce rhizosphere microbial community in two different soil systems 
(conventional and organic). We hypothesized that the application of the PGPR 
inoculants in soils from different management systems will influence 
differently the autochonous rhizosphere microbial community and soil 
functionality. More specifically, we examined the effect of different of the three 
inoculants on: a) abundance of the rhizosphere microbial groups (Gram-
positive, Gram-negative bacteria, actinomycetes, microeukaryotes b) the 
values of the bacteria/fungi and Gram+/Gram- ratios, indicators of changes in 
the composition of the microbial community, c) the activity of urease, acid 
phosphatase and β-glucosidase, indicators of soil functionality. Our results 
indicated that the root biomass of the lettuce plants was increased in the 
conventional system, while the foliage length was increased in the organic 
system. All of the inoculants had no effect on the abundance of any microbial 
community group in the conventional system, while in the organic system we 
recorded significant differentiations. Pseudomonas sp. inoculum proved to be 
the microbial inoculant that affected significantly all estimated microbial 
groups (Gram-positive, Gram-negative bacteria, actinomycetes, fungi), 
altering significantly the composition of the rhizosphere microbial community 
in comparison to the control. The activity of urease, acid phosphatase and β-
glucosidase was elevated in the organic system, much more than the 
conventional one, indicating increased soil health and functionality in the 
organic soil. The consortia treatment presented the highest values of enzyme 
activity in both soil types. 
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Introduction 
 
Conventional versus organic agricultural systems 
Soil is the base of agricultural ecosystems and many of the major 
constraints to plant growth are soil based (Lehman et al. 2015). Differences 
between conventionally and organically managed fields, nowadays, and soil 
microbial communities play a key role to these changes (Xue et al. 2018), due 
to the variation in tillage managements (Constancias et al. 2014; Garcia-
Orenes et al. 2013; Jansa et al. 2002; Frey et al. 1999), pesticide (Bunemann 
et al. 2006) and fertilizers additions (Fierer et al. 2012; Marschner et al. 2003). 
The type of agricultural management has a significant impact on the soil 
environment and may have important drawbacks on the size, activity, 
composition, and diversity of the soil microbial communities (Tian et al. 2012; 
Ge et al. 2011; Burton et al. 2010). As microorganisms are involved in almost 
all nutrient transformations, healthy and diversed soil microbial communities 
are crucial for viable agricultural systems and improper soil management 
practices may have a negative impact on these microbial communities 
(Romaniuk et al. 2011; Peixoto et al. 2006). Organic systems are considered 
those that include reduced or no tillage, incorporation of organic matter via 
manure, and crop rotation as a technique of nutrient recycling (Keatinge et al. 
2001), affecting positively soil microbial communities. Generally, in organic 
systems, plant growth and production relies on nutrient transformations in 
soils, as there is a restriction in use of inorganic fertilizers, resulting in a 
necessity of a vigorous soil microbial community and a significant source of 
readily available nutrients, because nutrient transformations are primarily 
controlled by microbes (Monokrousos et al. 2006). Moreover soil organic 
matter has been proven to present higher values in the organically managed 
systems (Pimentel et al. 2005). On the contrary, conventional systems are 
managed using extensive tillage, extensive use of inorganic fertilizers and 
different types of pesticides. It has been extensively reported that the use of 
chemical fertilizers, in conventionally managed systems, decreased the 
abundance of the microorganisms, while specific pesticides, in particular 
fungicides and insecticides, may have damaging impacts on soil microbes 
(Bunemann et al. 2006; Seghers et al. 2003).  
 
Plant Growth-Promoting Rhizobacteria (PGPR) in agriculture 
PGPR are a group of bacteria that inhabit the proximity or the surface 
of the plant root system and through the release of microbial exudates (lipids, 
metabolites, peptides) in the rhizosphere they promote plant growth and 
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development. PGPR are extracted mostly from the rhizosphere and are 
consequently applied there as this is the most suitable environment for them 
to increase their numbers. The first time that the term “PGPR” was used, was 
by Kloepper and Schroth in 1978, but the fact that soil microorganisms favor 
plant growth has been known for over a hundred years. It has been 
demonstrated that PGPR increase crop productivity of various cultivations, 
both annual and perennial and in different conditions, either normal or under 
stress (Deshmukh et al. 2016; Etesami and Alikhani 2016; Bhattacharyya and 
Jha 2012). They have a wide range of action like the biocontrol of soil-borne 
pathogens, the release of plant hormones and the direct fixation of nitrogen, 
nutrient immobilization (Bhattacharyya and Jha 2012; Nakkeeran and 
Fernando 2005; Vessey 2003; Zahran 2001;). Furthermore, it is well 
documented that PGPR can reduce the stressful effect of climate change on 
plant growth, like elevated CO2 levels, drought, salinity etc. (Mirshad and 
Puthur 2017; Vurukonda et al. 2016), because the consequences of these 
conditions may be severe on the soil quality and stability and moreover 
affecting the microbial community. It is proven that PGPR could deal with 
many types of different abiotic stresses and could be applied to a broad range 
of different plant hosts (Coleman-Derr and Tringe 2014). 
 
The use of Pseudomonas and Bacillus as plant growth factors 
The genera of PGPR that are mostly used in sustainable agriculture 
are Azospirillum, Azotobacter, Bacillus, Enterobacter, Pseudomonas and 
Rhizobium (Barea 2015; Kamou et al. 2015; Berg 2009). Two of the most 
important PGPR are Pseudomonas and Bacillus and we could examine their 
effect as growth factors.  
Pseudomonas is a genus of Gram-negative bacteria, Gamma- 
proteobacteria which belongs to the Pseudomonadaceae family that includes 
nearly 200 species (Euzéby 1997). The genus members show an excellent 
metabolic plasticity and as a consequence they can colonize a broad variety 
of niches (Madigan & Martinko 2005). Although, many of this genera species 
are animal and plant pathogens, there is another aspect of these bacteria, the 
biocontrol one. Since the 80s, certain species of the Pseudomonas genus 
have been used on cereal seeds, or have been straightly applied to soils, in 
order to prevent the growth of soil-borne crop pathogens, therefore as a 
biocontrol method. Experimental evidence has proven that P. fluorescens and 
P. protegens strains could demonstrate biocontrol properties; these bacteria 
could suppress the growth of soil pathogens by producing siderophores, 
facilitating the uptake of iron by the plants and thus inducing the plants’ 
systemic resistance. Furthermore, they could secrete antagonistic, to other 
soil microorganisms, compounds (antibiotics), like phenazine or hydrogen 
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cyanide (Haas & Défago 2005). Among the Pseudomonas genus, the species 
that display biocontrol properties are P. chlororaphis which produces 
phenazine, an organic compound with antibiotic properties against specific 
fungal plant pathogens (Chin-A-Woeng et al. 2000) and P. aurantiaca which 
produces di-2,4-diacetylfluoroglucylmethane, an antiobiotic agent antagonistic 
towards Gram-positive organisms (Esipov et al. 1975).  
Many searches have taken place in order to prove the effectiveness of 
Pseudomonas as PGPR on plant growth. One of their mechanisms is the 
production of IAA, a plant hormone that favors plant growth by stimulating cell 
division and tissue differentiation (Nadeem et al. 2016; Viscardi et al. 2016). 
Furthermore, it is proven that Pseudomonas bacteria could facilitate the 
growth of plants in soils contaminated by herbicides like sulfentrazone. The 
advantages in the sulfentrazone bioremediation method were direct on both 
the soil and the plants, as the findings showed the ability of Pseudomonas 
spp. to boost the development of crops cultivated in soil that sulfentrazone is 
being incorporated. Except from the direct effects that the species of 
Pseudomonas have on plant growth, there are the indirect ones, too. 
Pseudomonas spp. produce a variety of antimicrobial compounds, like 2,4-
diacetylphloroglucinol, pyoluteorin, cyclic lipopeptides, HCN and pyrrolnitrin 
(Weller 2007; Thomashow and Weller 1991). With this indirect strategy, 
Pseudomonas spp. may stimulate plant development as well as the systemic 
resistance of the plants (Glick 2014; Santoyo et al. 2012). 
Bacillus is a genus of Gram-positive rod-shaped bacteria, belonging to 
the Firmicutes phylum, with more than 250 named species. Generally, 
species of this genus can grow and survive in severe stressful environments 
(e.g. B. thermophilus in elevated temperatures, B. halodurans in elevated salt 
concentrations and B. alcalophilus in increased pH values). Furthermore, 
Bacillus species have demonstrated significant biocontrol properties, as B. 
thuringiensis produces an insecticide toxin (Slonczewski & Foster 2013) and 
B. siamensis inhibits the growth of plant pathogens (especially Rhizoctonia 
solani and Botrytis cinerea) by secreting antifungal compounds (Jeong et al. 
2012). 
In terms of nutrient cycling, Bacillus subtilis strain Q3 demonstrated 
great phosphorus solubilizing efficiency and can grow in systems presenting 
elevated EC and pH values, since it contains multiple growth promoting 
characteristics. A more synchronizing P uptake by the plants could possibly 
eliminate the phenomenon of eutrophication of water ecosystems and make 
available for the crops the limited P resources (Ahmad et al. 2018). The genus 
of Bacillus contains species that could generate phytohormones which are 
well documented to regulate the endogenous plant phytohormones’ levels, 
thus modulating the hormonal equilibrium of the plants and their responses to 
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stressful conditions (Kundan et al. 2015; Glick et al. 2007). Bacillus 
amyloliquefaciens strain SN13 has been isolated from alkaline soils and it is 
characterized for its multiple plant growth promotional characteristics and 
stress tolerance ability, like ACC deaminase and auxin production, 
solubilization of tricalcium phosphate and proline accumulation under salinity 
stress conditions (Nautiyal et al. 2013). Bacillus amyloliquefaciens was also 
reported as a factor with antimicrobial properties against the infections of 
Rhizoctonia solani in rice crops (Srivastava et al. 2016).  
 
The effect of soil PGPR inoculation on soil microbial community 
As we mentioned above, PGPR are either exogenous bacteria 
introduced into agricultural ecosystems or autochthonous bacteria being 
reinforced, that act positively upon plant development. Most of the studies that 
have been carried out have focused on plant growth and plant protection. 
However, the effect of the inoculated PGPR on the indigenous microbial 
communities must be taken into consideration. The existence of mutual 
interactions between the indigenous rhizosphere communities and the 
exogenous PGPR is desired. The PGPR could affect plant growth either 
directly (secretion of growth regulators) or indirectly (production of 
antimicrobial compounds that could reduce the impacts of plant pathogens), 
Furthermore, the microbial communities of the rhizosphere could be 
influenced by many other factors, like the crop plants, the environmental 
stresses and the agricultural practices, resulting in varying relationships 
(positive or negative) between the inoculants and the indigenous root 
microorganisms (Castro-Sowinski et al. 2007).  
The rhizosphere as habitat is very complexed; the action of the root 
development responds to its surroundings and is combined with the biotic 
(mostly from the indigenous microbial communities) and abiotic soil 
components that also respond to their environment. The incorporation of 
increased PGPR numbers as an inoculant (exogenous bacteria) can affect the 
indigenous microorganisms, and vice versa. Such interventions may result to 
an increase, decrease or zero effect on PGPR effectiveness and therefore it is 
imperative to focus future research more on the effects that inoculation could 
have on the microbial rhizosphere ecology (Castro-Sowinski 2007). 
As mechanisms of PGPR may be direct or indirect, on one hand PGPR 
could prevent the negative effects of plant pathogens by producing 
antimicrobial compounds, competing them for Fe, other nutrients or for 
colonization places (Whipps 2001); on the other hand PGPR could produce 
specific phytohormones, that act as plant growth regulators, and thus eliciting 
root metabolic activities or the supply of root-derived nutrients (Burdman et al. 
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2000). A PGPR strain could belong in one or in both of the aforementioned 
categories, leading to different interactions between the exogenous and the 
indigenous microorganisms.  
In relation to the interactive effect of soil, plant and environment on soil 
microbial communities, they could be either reinforced, or inhibited, or have 
no effect at all (Dobbelaere et al. 2003; BacilioJimenez et al. 2001; Schwieger 
& Tebbe 2000; Nacamulli et al. 1997). For example, inoculation with 
Azospirillum brasilense resulted to increased roots volume (Dobbelaere et al. 
2003), as a direct effect due to phytohormone secretion. The addition of 
PGPR strains could affect significantly the environment of the rhizosphere, as 
a result of increased microbial densities, elevated enzymatic activities, and 
increased C, P and N turnover (Johansen & Binnerup 2002; Mawdsley & 
Burns 1994). Consequently, an elevated ratio of rhizosphere/bulk soil will be 
the result of a greatly developed root system, leading to a more active soil 
(Winding, 2004). Even though the indigenous microorganisms are genetically 
closely related to the inoculated ones, sharing of the available resources in 
the rhizosphere between them seems to be restricted. Spatial segmentation 
and nutrient shiftiness are important aspects that contribute to this limited “fair 
play”. However, in order to examine the impacts of PGPR strains that secrete 
antimicrobial compounds on the resident bacteria, further studies must be 
conducted, as in certain cases like that of  Pseudomonas fluorescens F113Rif 
(secretes 2,4-diacetylphoroglucinol) decline in rhizobial density due to 
antibiotics production has been recorded (Walsh et al. 2003). Other studies 
showed that particular bacteria like Rhizobium etli had strong alterations in the 
community structures they limited the percentage of certain 
Alphaproteobacteria, that were found to be sensitive on the antibiotic 
trifolitoxin, which is produced by this strain (Robleto et al. 1998).  
 
Effect of PGPR on soil functionality 
Soil functionality is referred in water flow and retention, solute transport 
and retention, physical stability and support, retention and cycling of nutrients, 
buffering and filtering of possibly deleterious substances, resistance and 
resilience, and maintenance of biodiversity and habitat (Daily et al. 1997). Soil 
microorganisms are involved in most of these functions mostly by soil enzyme 
activities, indicative of soil health and soil functionality, as they contribute to 
nutrient availability and to organic matter transformations, responding in 
different types of soil and managements (Badiane et al. 2001; Vepsäläinen et 
al. 2001). They are related positively to microbial activity due to their role in 
catalyzing biochemical reactions, breaking up plant residues and involving in 
nutrients cycling in the soil. One of the most important group of soil enzymes 
is those of hydrolases, including acid phosphatase, β-glucosidase and urease, 
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which are involved in the main biogeochemical cycling of elements and 
release P, C and N compounds, respectively. The activity of soil enzymes 
could be measured and from the results we could extract useful information 
about the organic matter turnover, the availability of inorganic nutrients, the 
microbial community interactions and in general they could be useful 
indicators of soil quality and functionality (Dick and Tabatabai 1993). 
Some recent studies have revealed the effect of PGPR inoculation in 
the enzyme activity. Chiappero et al. (2019) have examined the effects of 
PGPR Pseudomonas fluorescens WCS417r and Bacillus amyloliquefaciens 
GB03 in the growth of Mentha piperita under drought stress by producing 
antioxidant enzymes, such as peroxidase and superoxide dismutase. 
Similarly, Tahir et al. (2019) have evaluated the effect of PGPR salt tolerant 
strains of Bacillus sp. in productivity of potato (Solanum tuberosum L.) by 
facilitating the activity of ascorbate peroxidase and catalase enzymes. Yu et 
al. (2019) have reported that PGPR Pseudomonas sp. GHD-4 has increased 
the activity of sucrose, catalase, urease and polyphenol oxidase enzymes in 
Pb-contaminated soils by Brassica juncea. Consequently, the increased 
enzyme activities that are being triggered by different strains of PGPR might 
be a useful tool for plant growing in different environmental and soil conditions 
and further researches must be established in order to exploit the most this 
synergistic effect.  
 
PGPR and lettuce crop 
Lettuce (Lactuca sativa var. longifolia) is a very well-known plant that is 
cultivated worldwide, mostly for its foliage. In general, the lettuce plants 
require increased values of light, while the optimum growing temperature 
should be between 15°C and 18°C. It is popular for its anti-oxidant 
compounds, like vitamin C and E, carotenoids and polyphenols, fibers and 
certain minerals (Baslam et al. 2011), improving human health. However, 
despite its importance as a crop, either the use of PGPR on the promotion of 
the lettuce growth, or their effect on the indigenous soil microbial community 
have not been extensively studied (Corrêa et al. 2015; Pinto et al. 2014; 
Cipriano et al. 2013). Results about those effects and interactions among the 
microorganisms on the lettuce rhizosphere could provide us useful information 
about the cultivation of lettuce plants in relation to suitable microbial inocula. 
 
Aim of study 
The present study has intended to broaden the knowledge about the 
effect of Pseudomonas sp., Bacillus sp. and their consortia inoculation on 
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composition and functionality of the lettuce rhizosphere microbial community 
in soil from two different management systems (conventional and organic). 
Our hypothesis was that the application of the PGPR inoculants in soils from 
different management systems will influence differently the autochonous 
rhizosphere microbial community and soil functionality. More specifically, we 
examined the effect of different of the three inoculants on: a) abundance of 
the rhizosphere microbial groups (Gram-positive, Gram-negative bacteria, 
actinomycetes, microeukaryotes b) the values of the bacteria/fungi and 
Gram+/Gram- ratios, indicators of changes in the composition of the microbial 
community, c) the activity of urease, acid phosphatase and β-glucosidase, 
indicators of soil functionality. 
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Materials and methods 
 
Experimental design and sampling 
The experimental design consisted of two soil types (organically (OS) 
and conventionally (CS) managed soil) x four inoculation treatments [Bacillus 
sp. (Ba), Pseudomonas sp. (Ps), Bacillus and Pseudomonas consortia 
(Ba/Ps), and non-inoculated (control, C)], with four replicates per treatment, 
giving a total of 32 pots arranged in a randomized block design. The soil 
samples were collected from two different private fields in Lithia Kastoria, 
Western Macedonia, Greece. The OS was collected from an organically 
managed maize crop cultivation. Τhe management practices involved the 
application of sheep manure, no tillage treatment and no use of pesticides for 
more than 10 years, while plant residues were left on the field after the 
harvest. The CS was collected from a conventionally managed barley crop 
cultivation. Τhe management practices involved the use of inorganic 
fertilizers, extensive tillage and extensive use of pesticides, both insecticides 
and fungicides, for more than 10 years. We decided to collected soil samples 
from these specific fields as they presented similar physicochemical 
properties (CS: SL soil texture (44% S, 6% C, 50% Si), pH 6,60 and EC 0,93 
mS/cm and OS: SL soil texture (24% S, 14% C, 62% Si), pH 7,81 and EC 
1,19 mS/cm). After collecting the soil samples, the soil from each cultivation 
was passed separately from a 2 mm sieve and 1500 g of either OS or CS 
were filled into the plastic pots (15 cm diameter and 11 cm depth). Prior to the 
experiment, lettuce seeds (Lactuca sativa var. longifolia) were sowed in 
seedbeds to grow for 60 days, before being transplanted in the experimental 
pots. They were moisturized in water for 24 hours prior their use. Five seeds 
of lettuce were planted in each case of the seedbed. After their germination 
plants were thinned, leaving only one lettuce plant per case of seedbed. The 
experiment was conducted in outdoor conditions under natural light and 
temperature. Both seedling trays and the plastic pots (after the transplant) 
were watered every 3 days with 50 ml of water quantity. A destructive 
sampling was conducted 60 days after the transplant. We separated manually 
the roots from the soil, while the attached to the roots rhizosphere soil was 
collected on a sterilized surface. Fresh rhizosphere soil samples were sieved 
to remove small roots and then were stored at 4oC until further analysis. We 
analyzed the rhizosphere soil samples for microbial community structure and 
abundance as well as for extracellular enzyme activity. We also assessed the 
effects of treatments on plant growth parameters by determining the root 
weight, the foliage weight and the foliage length. 
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Bacterial inoculum preparation 
Bacillus subtilis, Pseudomonas sp. and their combined inoculum were 
prepared in the labs of HUMOFERT ABETE. The preliminary identification 
was confirmed by molecular classification with polymerase chain reaction 
(PCR), using ERIC1f/ERIC2 starters, and based on the sequence of 16S 
rDNA gene. The preparation of the inoculum involved the growth of bacteria in 
nutrient broth (100 ml) on the rotary shaker for 48 h at 30 ºC. After incubation, 
the inoculum reached the final cell density of about 1010 cfu cm-3 by diluting 
the bacterial cultures with 0.85% NaCl water solution. Bacterial inoculation 
was applied once. Bacteria were applied by drenching of the medium in a 
dose of 10 cm3 of bacterial suspension per one cell. The suspensions of 
Bacillus sp., Pseudomonas sp. or their mixture (1 : 1 v/v) were used for 
inoculation. The concentration of the suspensions of Ba and Ps were 5ml of 
the inoculant in 45ml of water, while the consortia suspension of Ba/Ps was 
constituted of 2x2,5 ml and 45ml of water. Control was treated with water.  
 
Analyses of soil chemical and biochemical variables 
McLean (1982) method was used for soil pH determined (1:2 soil/water 
suspension). Soil texture was estimated by the Bouyoucos method (1962). 
Soil organic C was determined by a wet oxidation titration procedure using an 
acid dichromate system (Allen 1974). NO3–N concentration was determined 
by distillation and titration (Allen, 1974). Mg and K were estimated in soil 
extracts by atomic absorption spectrophotometer (Perkin–Elmer 2380). For 
inorganic P the method of Olsen (1954) as specified by Allen (1974) was 
used. 
 
Phospholipid fatty acid analysis  
Soil samples were analysed for phospholipid (PLFAs) bioindicators 
according to the method presented in Ntalli et al. (2018). A Trace GC Ultra 
gas chromatograph (Thermo Finnigan, SanJose, CA) coupled with a Trace 
ISQ mass spectrometry detector, an autosampler with a split–splitless 
injector, and an Xcalibur MS platform was used for the Chromatographic 
separation and identification of the main components. We quantified each 
fatty acid (in nmol/g) by one-point calibrating against the GC response of the 
internal standard (19:0 Methyl Ester). Overall, in all samples, we consistently 
found 24 fatty acid methyl esters which were included in all further analyses. 
These fatty acids were assigned to functional groups as follows (Findlay 2004; 
Spyrou et al. 2009; Papadopoulou et al. 2011; Ntalli et al. 2018): i-15:0, a-
15:0, 15:0, i-16:0, i-17:0, 17:0 (Gram-positive bacteria); 16:1ω9c,  16:1ω9t, 
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cy17:0 (Gram-negative bacteria); 10Me16:0, 10Me17:0, 10Me18:0 
(actinomycetes); 18:2ω9,12 (fungi); 20:0, 22:0 and 24:0 (microeukaryotes, 
e.g. algae, nematodes). The remaining PLFAs may derive from several 
sources and were considered only for the estimation of total microbial 
biomass. For example, 18:1ω9t, 18:1ω9c may derive from both Gram-
negative bacteria and fungi, 16:0 from bacteria and fungi, while 11:0, 13:0, 
14:0, 18:0, 18:2ω6 are mainly of microbial origin. We also estimated the 
bacteria/fungi (B/F) and Gram+ /Gram- ratios.  
 
Enzymatic activity analysis 
Urease, β-glucosidase and acid phosphatase play key roles in the N, C 
and P cycles respectively (Prieto et al. 2011). We determined the acid 
phosphatase (AP) and β-glucosidase (BG) activities according to the 
procedures of Allison and Jastrow (2006), modified for 96-well microplates. 
We used 5 mM p-nitrophenyl-phosphate and 5 mM p-nitrophenyl-β-
glucopyranoside Substrate solutions for AP and BG, respectively. The p-
nitrophenol (pNP) reaction product from the AP and BG assays was 
measured at 405 nm. Τhe method of Sinsabaugh et al. (2000) was used for 
the estimation of the urease activity. The urea concentration in the wells was 
20 mM. Ammonium released by the reaction was measured 
spectrophotometrically at 610 nm.   
 
Data analysis  
To determine the effect of soil management type, microbial inoculum 
and their interactive effect, we applied Two-way ANOVA to our microbial 
group biomass and enzyme activity data set. In the case of significant effects, 
a least significant difference (LSD) post hoc test was performed at P<0.05.  
Independent t-test was used to compare the mean physicochemical variable 
values between the two soil types (CS and OS). Prior to analyses, we 
transformed our data appropriately when considered necessary, to meet the 
assumptions of t-test and ANOVA.  
To further explore whether soil type or microbial inoculum application is 
more significant for the data variability, we applied a principal components 
analysis (PCA) to our dataset, and our corresponding samples were ordinated 
based on the values of soil variables. 
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Results 
 
The effects of soil type on physicochemical parameters are presented 
in Table 1. T-test revealed that the OS samples presented significantly higher 
values of organic matter, nitric nitrogen, P, K and Mg compared to the CS 
ones. On the contrary, Zn, Mn and B did not differ significantly. 
 
Table 1. Mean values (±SE) of the soil physicochemical variables in CS and OS. Independent 
t-test was used for the comparison of the mean values. 
 
 
The effects of soil type, treatment and their interactions on plant growth 
are shown in Table 2 and Fig.1. The root weight and the foliage length were 
affected by the soil type. In the CS the root weight was increased more, while 
in the OS the foliage length was greater than the conventional. On the 
Physicochemical 
variables 
CS OS P value 
      
pH 6,60 (0,054) 7,81 (0,035) 0,0001 *** 
EC (mS/cm) 0,93 (0,107) 1,19 (0,049) 0,096 n.s. 
Ο.Ο. (%) 2,29 (0,159) 3,24 (0,351) 0,0095 ** 
Nitric Nitrogen (mg/kg) 14,13 (11,955) 32,36 (2,377) 0,004 ** 
P (mg/kg) 26,33 (0,609) 133,75 (3,609) 0,0001 *** 
K (mg/kg) 153,66 (9,769) 347,33 (10,170) 0,0001 *** 
Mg (mg/kg) 188,33 (7,264) 352,33 (7,838) 0,0001 *** 
Zn (mg/kg) 5,64 (0,065) 5,61 (0,196) 0,91 n.s. 
Mn (mg/kg) 28,04 (2,256) 26,40 (1,307) 0,56 n.s. 
B (mg/kg) 0,84 (0,070) 0,81 (0,051) 0,72 n.s. 
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contrary, the foliage weight was not affected by the soil type. Τhe treatment 
and the interactive effect (treatment x type) did not affect significantly any of 
the estimated plant growth parameters. 
The effects of soil type, treatment, and their interaction on the microbial 
groups and PLFAs ratios are shown in Table 3 and Fig. 2, 3 and 4. The soil 
type affected significantly the total microbial biomass, as well as those of 
Gram-negative bacteria, actinomycetes and microeukaryotes. The abundance 
of microeukaryotes was found increased in the CS, whereas the OS 
presented significantly increased biomasses of Gram-negative bacteria, 
actinomycetes, bacteria as well as the total microbial biomass. On the 
contrary, the abundances of Gram-positive bacteria and fungi did not differ 
between the OS and CS.  
 
Table 2. The effects of soil type, treatment, and their interaction on plant growth parameters 
as revealed by two-way ANOVA. 
 
 
Regarding the effect of treatment, the biomasses of actinomycetes and 
microeukaryotes did not differ significantly between treatments. On the 
contrary, Gram-positive, Gram-negative bacteria, fungi and the total microbial 
biomass showed significant differences between treatments. The treatment 
effect was more pronounced in the OS, as in the CS no differences were 
recorded among the treatments for any of the microbial groups. In the OS, the 
application of Ba, Ps and Ba/Ps resulted in significant increase of Gram-
positive bacteria, total microbial and bacterial biomass compared to the 
control. Gram-negative bacterial biomass was affected significantly only by 
the Ps and Ba/Ps treatments, while the Ba treatment had no effect. All 
treatments had a significant positive effect on fungal biomass, with Ps 
presenting the highest values.  
Variables Soil (1 d.f.) Treatment (3 d.f.) Soil x Treatment (3 d.f.) 
 F value P value  F value P value  F value P value  
Root weight 10,55 0,003 ** 0,68 0,570 n.s. 1,19 0,334 n.s. 
Foliage weight 1,93 0,176 n.s. 0,31 0,818 n.s. 0,44 0,720 n.s. 
Foliage length 9,53 0,005 ** 2,61 0,075 n.s. 1,61 0,212 n.s. 
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 Fig. 1 Mean values (±SE) of root weight, shoot weight and shoot length in CS and OS 
experimental plots, at the four treatments. Different letters correspond to statistically 
significant differences within each soil type (Fisher post hoc comparisons). “Soil” on the top of 
the graphs, indicates a significant effect of the soil type as revealed by Two-way ANOVA (**P 
< 0.01, for all cases n = 4).  
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The effect of treatment on the Gram+/Gram- ratio presented a different 
pattern in the two soil types. In the CS, the Gram+/Gram- ratio presented the 
highest values in the Ps and Ba/Ps treatments, whereas in the OS the highest 
values were recorded in the Ba treatment. The bacteria/fungi ratio was not 
affect by treatment. In relation to the soil type effect, Gram+/Gram- ratio was 
higher in the CS, while the contrary was recorded regarding the bacteria/fungi 
ratio.  
 The effects of soil type, treatment, and their interaction on soil 
enzymes are shown in Table 4 and Fig. 5. All enzymes (β-glucosidase, acid 
phosphatase and urease) presented higher activity values in the OS 
compared to the CS. The activity of β-glucosidase was not affected by the 
application of any type of inoculant, regardless the soil type. The application 
of Ba/Ps resulted in a significant increase of acid phosphatase and urease 
activities in both soil types. Inoculating the soils either with Ps or Ba did not 
have such a significant effect. 
The results of PCA depicting the ordination of samples and variables 
are presented in Fig. 6. The first axis explained 36.7 % of the data variability 
while the second one epxlained 16.9 % (53.6 % in total). The OS control 
samples were ordinated at the right end of first axis, while all the other 
samples from the OS treatments (Ba, Ps, Ba/Ps) were ordinated at the left 
side of the first axis showing a positive correlation to all PLFA biomarkers, that 
correspond to Gram-positive, Gram-negative bacteria, actinomycetes and 
fungi. Along the second axis, the samples of CS are ordinated in the upper 
part showing a positive correlation to PLFA biomarkers describing 
microeukaryotes (20:0, 22;0, 24:0, and were clearly separated from the OS 
that are ordinated in the lower part.   
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Table 3 The effects of soil, treatment, and their interaction on different microbial groups and 
PLFAs ratios as revealed by Two-way ANOVA (*P< 0.05,**P < 0.01,***P < 0.001). 
 
 
Table 4 The effects of soil, treatment, and their interaction on soil enzymes, as revealed by 
Two-way ANOVA. 
Variables Soil (1 d.f.) Treatment (3 d.f.) Soil x Treatment (3 d.f.) 
 F value P value  F value P value  F value P value  
Gram+ 2,18 0,151 n.s. 17,41 0,0001 *** 8,87 0,0001 *** 
Gram- 81,82 0,0001 *** 10,58 0,0001 *** 12,51 0,0001 *** 
Actinomycetes 4,91 0,036 * 0,88 0,461 n.s. 3,79 0,023 * 
Microeukaryotes 25,60 0,0001 *** 2,42 0,091 n.s. 2,75 0,064 n.s. 
Fungi 0,18 0,677 n.s. 6,52 0,002 ** 10,63 0,0001 *** 
Total Microbial 
Biomass 
8,41 0,007 ** 12,19 0,0001 *** 7,89 0,0001 *** 
Gram+/Gram- 22,19 0,0001 *** 14,67 0,0001 *** 12,45 0,0001 *** 
Bacteria/Fungi 5,63 0,025 * 0,25 0,858 n.s. 2,83 0,059 n.s. 
Variables Soil (1 d.f.) Treatment (3 d.f.) Soil x Treatment (3 d.f.) 
 F value P value  F value P value  F value P value  
Acid phosphatase 8,689 0,007 ** 5,704 0,004 ** 0,078 0,97113 n.s. 
Urease 267,6 0,0001 *** 9,5 0,0001 *** 0,4 0,73016 n.s. 
β-glucosidase 192,7 0,00001 *** 2,6 0,076 n.s. 1,7 0,02505 n.s. 
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Fig. 2 Mean biomass (±SE) of Gram+, Gram-, actinomycetes and microeukaryotes in the CS 
and OS experimental plots, at the four treatments. Different letters correspond to statistically 
significant differences within each sampling event (Fisher post hoc comparisons). “Soil”, 
“Treatment” and “Soil x Treatment” on the top of the graphs, indicate a significant effect of soil 
type, treatment and their interaction respectively, as revealed by two-way ANOVA (*P< 
0.05,***P < 0.001, for all cases n = 4). 
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Fig. 3 Mean biomass (±SE) of total microbial biomass and fungi in the CS and OS 
experimental plots, at the four treatments. Different letters correspond to statistically 
significant differences within each sampling event (Fisher post hoc comparisons). “Soil”, 
“Treatment” and “Soil x Treatment” on the top of the graphs, indicate a significant effect of 
soil, treatment and their interaction respectively, as revealed by two-way ANOVA (*P< 
0.05,**P < 0. 01,***P < 0.001, for all cases n = 4). 
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Fig. 4 Mean values (±SE) of PLFAs ratios in the CS and OS experimental plots, at the four 
treatments. Different letters correspond to statistically significant differences within each 
sampling event (Fisher post hoc comparisons). “Soil”, “Treatment” and “Soil x Treatment” on 
the top of the graphs, indicate a significant effect of soil, treatment and their interaction 
respectively, as revealed by two-way ANOVA (*P< 0.05,***P < 0.001, for all cases n = 4). 
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Fig. 5 Mean values (±SE) of acid phosphatase, urease and β-glucosidase enzymes in the CS 
and OS experimental plots, at the four treatments. Different letters correspond to statistically 
significant differences within each sampling event (Fisher post hoc comparisons). “Soil”, 
“Treatment” on the top of the graphs, indicate a significant effect of soil type, treatment 
respectively, as revealed by Two-way ANOVA (**P < 0.01,***P < 0.001, for all cases n = 4). 
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Fig. 6. Ordination of the soil samples and the PLFA bioindicators on a PCA biplot. Each point 
corresponds to a sample collected from a specific soil type, under a specific treatment [the 
first symbol corresponds to soil type (1: CS, 2: OS) and the second symbol corresponds to 
the treatment]. Error bars indicate standard errors (n=4). 
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Discussion 
 
The root biomass of the lettuce plants grown in the CS was increased 
significantly in relation to the ΟS ones. This could be attributed to the CS the 
low soil nutrients concentrations (e.g. P, K and Mg), therefore, the plants 
allocated more photosynthates to their roots in order to exploit more space of 
the soil for nutrients (Poorter and Nagel 2000). On the contrary, the increased 
values of macronutrients in the OS samples allowed the plants to increase 
their foliage length, favoring the productivity of the crop system. 
Previous studies have proven that inoculation with Ba and Ps strains in 
lettuce plants have resulted in increased plant growth parameters in relation 
to the control treatment. Khosravi et al. (2018) have reported that co-
application of PGPR Pseudomonas fluorescens and rock phosphate 
significantly increased shoot dry matter, shoot nitrogen, potassium, zinc and 
manganese uptake rates. Szczech et al. (2016) have reported that co-
inoculation with Bacillus sp. PZ9 strain and Enterobacter sp. B125 strain has 
resulted in increased transplants biomass and elevated nitrogen and vitamin 
C content. Similarly, Cipriano et al. (2016) examined the impact of  
Pseudomonas sp. strains on lettuce development and found that they can  
enhance the crop yields up to 30%. However, the poor performance of the 
inoculants strains in relation to plant growth in our experiment might be 
explained due to the low air and soil temperatures that occurred in the area, 
as the experiment took place during winter. Generally, when seeds are sown 
and plants are inoculated during winter, the PGPR colonization might be 
restricted by the low temperatures. Bacillus species plant growth promoting 
activities are benefited by temperatures above 20 °C, in order to enhance 
plant growth through hormone production and nutrient solubilization (Alori et 
al. 2017; Mohite 2013; Warth 1978). Similarly, Nguyen et al. 2019 have 
reported that the root growth of the inoculated plants with Bacillus velezensis 
strains was lower in October when the temperature was lower and the natural 
daytime was shorter, in comparison to the root growth in May and no 
considerable development was noted in the inoculated plants. Additionally, 
pseudomonads have been reported not to favor plant growth when introduced 
to an agricultural system, as they survive in the rhizosphere at comparatively 
increased levels, resulting in competing with the plant for nutrients (Sørensen 
1997).  
In the CS samples, the inoculated treatments did not have any effect 
on any studied group of the microbial community compared to the control. 
This was probably related to the residues of pesticides that have been applied 
as practice of the conventional management of the fields before the collection 
of soil. More specifically, the conventional management included the 
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extensive use of triazole fungicides, like propiconazole. The application of 
propiconazole, have been reported to reduce significantly the bacterial and 
fungal populations, even after long incubation periods of 4 weeks (Satapute 
and Kaliwal 2018). Moreover, Faucon et al. (2017) have proven that when 
toxic pesticides were applied frequently in the crop fields for the deterioration 
of soil-borne pathogens, severe impacts could be caused on soil microbial 
populations and physicochemical properties of soil. On the contrary, in the OS 
samples, the application of inoculants had a positive on the abundance of all 
rhizosphere microbial community groups. The addition of all three types of 
microbial inoculants affected positively the abundance of Gram-positive 
bacteria. Shi et al. (2017) have reported that inoculation with PGPR 
Paenibacillus polymyxa, a gram-positive bacterium, managed to suppress the 
growth of the plant pathogen Fusarium oxysporum and in addition to promote 
the growth of other beneficial Gram-positive bacteria genera like Bacillus, 
Actinobacteria, Streptomyces, Actinospica and Catenulispora. The Gram-
negative bacteria biomass values were increased after the inoculation of the 
soils either with Ps or Ba/Ps, in relation to the control treatment. This could be 
attributed to the increased Pseudomonas numbers after the application of the 
specific inoculum to the rhizosphere, due to the opportunistic behavior of the 
specific bacteria, which makes it adapt rapidly to the environment, in contrast 
to other bacteria, and become the dominant species (Di Battista-Leboeuf et al. 
2003). Additionally, the inoculation with Ps could affect positively the 
indigenous diazotroph populations, the majority of which are Gram-negative 
bacteria (Ke et al. 2019). Regarding the Ba inoculation, our results 
contradicted those reported by Han et al. (2019) who have shown that 
inoculation of soils with Bacillus sp. increases the indigenous Gram-negative 
PGPR populations like Burkholderia sp., Bradyrhizobium sp., Caulobacter sp., 
Rhizomicrobium sp., Rhodanobacter sp., and Sediminibacterium sp.. In our 
study, Ba inoculation did not affect positively the abundance of Gram-negative 
bacteria, as their abundances did not differ compared to the control. 
Additionally, in the Ba/Ps treatment, the abundance of the Gram-negative 
population is lower than the one recorded in the Ps treatment, strengthening 
our suggestion that Ba inoculation is not favoring the increase of Gram-
negative bacteria. This could be attributed to the antibacterial activity of 
Bacillus on inhibiting specific Gram-negative phytopathogens. Zeriouh et al. 
(2011) reported the use of Bacillus subtilis could be effective against two 
major bacterial pathogens that affect members of the Cucurbitaceae family, 
Xanthomonas campestris pv. cucurbitae and Pectobacterium carotovorum 
subsp. carotovorum., due to the production of iturin lipopeptides.  
The actinomycetes biomass values were found to differ only between 
soil types, as the OS samples presented higher abundances in relation to the 
CS ones. Generally, soil enzymatic activities can be influenced by the addition 
of organic amendments in the soil, which this consequently may result in an 
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increase of total microbial biomass, including actinomycetes (Pawar et al. 
2019; Pascual et al. 1998; Goyal et al. 1993). Additionally, actinomycetes 
degradate complex or recalcitrant biopolymers by producing extracellular 
enzymes, like keratin (Mukhtar et al. 2017), suberin (Beaulieu et al. 2016), 
lignocellulose (Wang et al. 2016; Padilla-Reynaud et al. 2015; Book et al. 
2014; Goodfellow 1983) and chitin (Beier and Bertilsson 2013). It is 
consequent to have increased values of actinomycetes in the OS samples, 
since the incorporated organic matter was originated from sheep manure and 
plant residues, which are expected to contain such complex materials. On the 
contrary, the inoculation of either CS or OS samples with Ps, Ba and Ps/Ba 
had no effect on the values of actinomycetes. This could be attributed to fact 
that no additional organic material containing lignin or any other type 
recalcitrant substrates was incorporated in our treatments in order to further 
affect the biomass of this bacteria phylum.   
Τhe microeukaryotes abundance was found elevated and differed 
significantly in the CS samples. This finding contradicted those presented by 
other studies, which have shown increased values of microeukaryotes in soils 
that had increased numbers of bacteria, due to the prey-predator relationship 
(Zhang and Lueders 2017). However, this finding could be explained by the 
increased root biomass in the CS samples, which probably enhanced the 
numbers of the plant-feeding nematodes (parasitic and non-parasitic) close 
associated with the roots of the plants. Similar results have been recorded by 
Allan-Perkins et al. (2017) who showed that increased root biomass leads to 
increased herbivore nematode population.  
In relation to the fungal biomass values, only the OS samples were 
found to present statistically significant differentiation between the control 
treatment and the inoculated treatments. The addition of any of the three 
types of inoculants increased the fungal abundance, and the Ps treatment 
presented the highest values. Previous researches had confirmed that strains 
of Pseudomonas were closely associated with arbuscular mycorrhization in a 
compatible relationship with synergistic effects (Viollet et al. 2016). Inoculating 
the OS with Bacillus sp. resulted in increased fungal biomass, but not to the 
levels of the Ps treatment. This finding could be explained by the antagonistic 
relationship between Bacillus species and some strains of fungi, either by 
synthesizing chitinases, which are hydrolytic enzymes that break down 
glycosidic bonds in chitin, a component of the fungal cell walls, or by 
producing antifungal lipopeptides (El Arbi et al. 2016; Ghasemi et al 2010). 
The fact that the Ba/Ps treatment presented intermediate values between the 
other inoculated treatments is further supporting our suggestion.  
All three enzymes, AP, BG and urease, presented elevated enzymatic 
activity in the OS samples rather than the CS samples. These enzymes are 
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involved in the carbon (BG), nitrogen (urease) and phosphorus (AP) 
geochemical cycles and are widely used as indicators of functional diversity in 
soil (Lagomarsino et al. 2011). Nannipieri et al. (2003) emphasized that the 
effects of soil management practices, both beneficial and negative, are 
strongly associated to the soil microbial biomass and the enzyme activities, as 
their role is the regulation of soil functionality due to their participation in 
procedures related to organic matter decomposition and nutrient cycling. Our 
results clearly showed improved soil quality in the OS samples. Chen et al. 
(2019) reported that increased values of soil organic matter works as a 
substrate for soil microorganisms, and as a consequence, boosts enzyme 
activity, assuming that increased soil microbial abundance leads to increased 
enzymatic activity. Tejada and Gonzalez (2003; 2006) and Tejada et al. 
(2006) also reported that the incorporation of organic amendments had a 
beneficial result on the activity of the hydrolases enzymes (e.g. AP, BG, 
urease) possibly due to the elevated microbial biomass that was produced in 
response.  
The increased values of AP activity in the OS samples could be 
attributed to the high values of soil microbial populations found in these soils. 
The urease activity seems to be affected positively by elevated organic matter 
and increased microbial biomass (Dengiz et al. 2007). Furthermore, 
Monokrousos et al. (2014) reported that urease activity is elevated in the rich 
in organic matter soils and there is a strong relationship between this enzyme 
and organic matter content. Τhe increased activity of BG in the OS samples 
could reflect the increased organic matter content from the previous additions, 
increasing the substrate availability and thus, enhancing the activity of BG 
enzyme in soil (Sinsabaugh et al. 2008).  
 In relation to the inoculation, all three treatments (Ba, Ps and Ba/Ps) 
have shown significant increased urease and acid phosphatase values 
compared to the control, in both CS and OS samples, while the consortia 
(Ba/Ps) treatment had the highest values. Kumar et al. (2016) also reported 
that the consortium inoculation with Bacillus and Pseudomonas strains 
showed a synergistic effect, resulting in increased enzymatic activity of 
dehydrogenase, alkaline phosphatase, acid phosphatase, urease , protease 
and β-glucosidase. The increased urease activity values in our treatments that 
involved inoculation with Pseudomonas (Ps and Ba/Ps) could be explained by 
the increased values of Gram-negative bacteria in the plant rhizosphere and 
to the fact that a strong positive correlation between Gram-negative bacteria 
and urease activity exists, as most urease-producing bacteria are Gram-
negative ones (Fujita et al. 2017; Moya et al. 2017; Tambong et al. 2017). 
Similarly, in relation to acid phosphatase that inoculation with Pseudomonas 
(Ps and Ba/Ps) has given increased values of this enzyme. Busato et al. 
(2017) reported that co-inoculation with Gram-negative bacteria Burkholderia 
 
30 
 
silvatlantica and Herbaspirillum seropedicae elevated the enzymatic activity of 
acid phosphatase and both strains increased the supply of P from poorly 
soluble sources. The activity of β-glucosidase has not been affected by any of 
the inoculation treatments. β-glucosidase activity, plays a major role in the soil 
carbon cycling, and is closely connected with the organic carbon content in 
the soil samples (Panayiotou et al. 2017). Therefore, the lack of difference 
between the treatment was due to the fact that no organic substrate had been 
added to our treatments in order to increase the organic substrate for the 
microorganisms. Our results clearly indicated that the inoculation treatments 
did not have a significant impact on carbon cycle functionality, in comparison 
to the N and P cycles that were found to be positively affected.  
It is well established that Gram-positive bacteria dominate soils that 
receive only chemical fertilizers, as the proportion of Gram-negative bacteria 
in these systems is negatively affected (Moeskops et al. 2010; Peacock et al. 
2001). This is also obvious in our study when we compare the Gram+/Gram- 
ratio values of the OS and the CS samples. Nevertheless, the application of 
the inoculants resulted to shift in the bacterial community, especially in the OS 
samples, as the Gram+/Gram- ratio increased significantly in the inoculated 
treatments. This implies that the incorporation of any type of inoculant favored 
the dominance of particular slow-growing bacterial groups (Gram-positive, K-
strategists), affecting significantly the microbial community structure of the 
treated samples compared to the control. Other studies also showed that the 
population density of the Gram-negative bacteria (r-strategists) was reduced, 
as they are vulnerable to environmental disturbances; this fact resulted in 
modifications in the community structure and the dominance of Gram-positive 
bacteria when young roots were colonized with any type of inocula with the 
Pseudomonas genus (Naseby and Lynch 1998; Nacamulli et al. 1997). 
The PCA results indicated that the effect of inoculation is strong only in 
the OS samples, as the inoculated ones were clearly separated from the 
control; on the contrary, the CS samples were ordinated all closely exhibiting 
little effect of inoculation. Even though ANOVA showed that all treatments 
affect almost all the microbial groups, PCA made clear that the Ps and Ba/Ps 
treatments were the one altering significantly the values of all PLFA 
biomarkers compared to the control and Ba treatment to a lesser level. This 
finding indicates that Ps inoculation is much more pronounced than the Ba. 
This could be attributed to the opportunistic behavior of Ps strains (Di Battista-
Leboeuf et al. 2003) and in a parallel way to the antimicrobial activity of Ba 
strains (El Arbi et al. 2016; Zeriouh et al. 2011; Ghasemi et al 2010). In 
relation to the soil type, the OS samples were clearly separated to the CS 
ones. Nutrient availability plays a major role on the effects of the microbial 
inoculants. Cakmakçi et al. (2006) have reported that the PGPR inoculation 
depends strongly on soil organic matter content. Microorganisms could use 
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organic compounds as carbon and energy sources, facilitating microbial 
growth and activity, which are notably intense in the rhizosphere. In general, 
since soil organic properties influence the abundance, variety and activity of 
soil microorganisms (Kobabe et al. 2004), the development of the microbial 
community structure in the soil might be the affected by the organic matter 
content (Clegg et al. 2003; Marschner et al. 2003). Furthermore, the 
availability of nutrients could limit the growth and metabolic activity of soil 
microorganisms (Welbaum et al. 2004). Consequently, the adequacy of 
nutrients and the high values of soil organic matter have contributed to the 
great differences of the inoculants in the OS samples, whereas in the CS 
samples the reduced values of nutrients and soil organic matter have resulted 
in no differences between the different inoculated treatments and especially in 
relation to the control treatment in combination with the pesticides that 
deteriorate the effect of the inoculants, as it has been mentioned above.  
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